Introduction
The oxidation of aldehydes, ketones, and similar compounds having an a-hydrogen using a variety of oxidizing agents usually leads to attack a t the a position. I n fact, many oxidants such as copper(II), iron(III), and thallium(II1) do not react with benzaldehyde or pivalaldehyde under ordinary conditions. Ceric ion is interesting in that i t is capable of effecting oxidation a t the carbonyl function and readily oxidizes benzaldehyde to benzoic acid. In order to interpret the data obtained in studying the latter reaction, i t was necessary to study the nature of the cerium(1V) species present in solution. Since most interesting organic substrates are a t best sparingly soluble in water, aqueous acetic acid was chosen as the solvent. This solvent is relatively inert to oxidants and has frequently been used in the study of oxidation reactions.
A number of studies have been made on the equilibria between various forms of cerium(1V) in aqueous solution. Smith and Goetza found the oxidation potential of the Ce(II1)-Ce(1V) couple to increase with increasing perchloric acid concentration. Sherrill, King, and Spooner4 showed the increase in potential to be independent of the perchlorate ion concentration and concluded that neither Ce(II1) nor Ce(1V) reacts with perchlorate and that Ce(1V) is hydrolyzed even in strongly acidic solution. They estimated an equilibrium constant for the second hydrolysis reaction
(1) This investigation was supported by the National Science Foundation. Taken from past of the Ph.D. thesis of P. C. Ford, 1967. (2) NIH predoctoral fellow, 1963-1966. CeOH3+ + HzO = Ce(OH)Z2+ + H + However, their constant did not include a correction for the presence of polymeric Ce(IV) species which were observed in later investigations. Heidt and Smith, in studying the photooxidation of water by ceric perchlorate, concluded that cerium (IV) dimers must have been present5 King and Pandow6 observed deviations from Beer's law in the spectral range 440-530 mp for 4 X low4 to 0.1 M cerium(1V) solutions in aqueous perchloric acid. Hardwick and Robinson observed similar deviationsTfrom Beer's law from 395 to 430 mp.7 Their quantitative study for solutions in 0.2-2.0 M perchloric acid appeared consistent with the model
Here, K I = 5.2 and K 2 = 16.2 a t 25'. Migration experiments confirmed the presence of only positively charged ceric species in solution.
More recently, Baker, Newton, and Kahn determined equilibrium constants for the hydrolysis of cerium(1V) in perchloric acid solution in connection with a kinetic study of the U(1V)-Ce(1V) reaction. I n contrast to solutions containing perchlorate as the anion, cerium(1V) is found complexed with the anion when or s~l f a t e~~?~~ is present. It seems safe to conclude that cerium(1V) will form a complex with any nucleophilic ion present in the reaction medium.
Results
The equilibria among the various cerium(1V) species were studied spectrophotometrically using ranges of J4 cerium(IV), 0.05-1.0 M perchloric acid, and 5-90 wt yo acetic acid as the solvent with a constant ionic strength. Absorbance measurements were made between 360 and 450 mp at 10-mp intervals.
A major difficulty with the spectrophotometric studies in aqueous solution results from the relatively small change in apparent absorbancy index with changing cerium(1V) or acid concentrations. The aqueous acetic acid solutions were strikingly different. When a low perchloric acid concentration was used, the addition of acetic acid to cerium(1V) in water resulted in a decrease in absorbance. On the other hand, when a relatively high perchloric acid concentration mas used, the same experiment led to a large increase in absorbance. Apparently, acetic acid considerably increases the difference in absorbancy index between some of the various cerium(1V) species.
When the cerium(1V) concentration was increased, keeping the ionic strength, temperature, acid concentration, and solvent composition constant, the apparent absorbancy index (absorbance divided by total cerium-(IV) concentration) decreased. This result implies the presence of a t least two cerium(IV) species, at least one of which is a dimer or higher polymer.
The following approach was used to determine the nature of the principal polymeric species. If the apparent absorbancy index is plotted against the log of the total cerium(1V) concentration, a curve is obtained ( Figure 1 ) whose shape is independent of the equilibrium constant15 but whose slope a t the midpoint is a function of the nature of the polymeric form in a monomer-polymer equilibrium. A comparison of the experimental points with theoretical curves demonstrates that the reaction involves primarily a monomer-trimer equilibrium. The curves drawn through the experito 4 X (15) T h e equilibrium constant simply shifts the whole curve along the concentration axis. This approach also gives information concerning the actual values of equilibrium constants. A relationship between the equilibrium constant and thc total concentration at the point where the monomer and polymer concentrations are equal may be derived as folloms. Here C,,, is the concentration ol monomer, C,, is thc concentration of polymer, C, is the total cerium-(IV) concentration, and n is the order of polymerization
The value cf K is the composite of all of the equilibria between monomeric species and trimeric species, since relationships between species of the same order do not change with ceric concentration. It can also be seen in Figure 1 that a change in acid concentration does not appear to affect the maximum apparent absorbancy index nor the minimum. This result implies that the equilibria between the various monomeric species and between the various trimeric species arc not acid dependent.
Estimates of K were made for each set of data obtained a t a constant acid concentration. A plot Df the logarithms of the values of K against log [ H f ] gives a straight line with a slope of -3.1 (Figure 2) . Thus, the monomer-trimer equilibrium must be described 3CeIV = (CeIV)3 + 3 H + where the ligands about the cerium species are not specified.
In constructing a model for the several possible equilibria, it was apparent that the monomeric cerium-(IV) should be represented by a t least one species containing acetic acid or acetate ion as a ligand. This was required by the effect of acetic acid on the absorbance of the solution. Similarly, the principal trimer probably contains acetic acid or acetate ion as a ligand. Observations concerning the combined effect of acetic acid and perchloric acid on the absorbance for solutions having low concentrations of cerium (1V) 
All of the data obtained a t 400 mp (110 experimental points) which covered a range of 5-90% acetic acid were fit to the above model using an iterative computer program which employs the method of steepest descent.16 The rms fractional deviation" dropped to 0.1, which is quite good considering the wide range of solvent composition used. The calculated equilibrium constants and absorbancy indices were: Kq = 0.390; K6 = 16.3; Kg = 0.0375; K7 = 1.62 X lo5; CeOH3+, E 163; CeOH-(HOAC)~+, e 902; CeOCeOH6+, E 210; CeOCeOAc5+, e 230; trimer, E 278.
An examination of the magnitude of the equilibrium constants indicates that the concentrations of dimers are small compared to monomer or trimer. It was pos- sible that the equilibrium constants calculated for the monomer-dimer equilibrium resulted solely from the error minimization procedure. The equilibrium constants were recalculated using only equilibria 4 and 7 above. A recalculation using this simplified model resulted in a negligible increase in the rms error. Thus, there is no experimental evidence for the presence of dimers.
The data obtained a t 380, 390, 410, and 420 mp were treated in the same fashion. All converged on approximately the same values of K , and K7. Average values for the constants were taken, and the error was minimized with respect to the absorbancy indices for the cerium(1V) species. The resulting parameters are summarized in Table I . A plot of the absorbancy indices against wavelength gives a smooth curve. The data clearly demonstrate that the trimer is the principal polymeric species in 5-90% acetic acid s o h tions and the value of the equilibrium constant is probably well defined. It would be na'ive to pretend that the nature of the monomeric and trimeric species is equally well defined. A very simple model has been used for a wide range of solvent composition; the absorbancy indices have been assumed to be independent of solvent; and the change in the effective acidity of perchloric acid as the proportion of water in the solvent is decreased has been ignored. However, although undoubtedly oversimplified, the present model has the virtue of satisfactorily correlating a large num-lnorgnnic Chemistry ber of measurements dealing with a wide variety of conditions.
The observation that the trimer rather than the dimer is the first important polymeric Ce(1V) species suggests that it may have a special structural feature. The more obvious possibility is that it exists in a cyclic form
The formation of such a species has many analogies. Thus, alcohols generally form trimers rather than dimers, and the trimer probably involves a six-membered ring held together by hydrogen bonds. l8
Although equilibrium between trimer and monomer is achieved fairly rapidly, it was possible to observe the rate of the transformation. A plot of absorbance vs. time for an experiment in which the cerium(1V) was rapidly diluted by a factor of 5 , keeping solvent composition and acidity constant, is shown in Figure 3 .
For the sake of simplicity, the kinetics of trimer dissociation will be treated as the reversible process
The rate of change in absorbance is then given by where
The ratio of kllk-1 or K may be determined from the equilibrium data given previously. Thus we may write
where c = (3€M -€T)kl and both C and K are functions of the acid concentration. Table I1 gives the data used in the calculation of k1 as a function of acid concentration. A plot of kl against the perchloric acid concentration is linear with a nonzero intercept (Figure 4) suggesting the rate law Finally, the effect of nitrate ion on the monomertrimer equilibrium may be noted. Data for two concentrations of nitrate ion are summarized in Figure 5 . With a relatively high nitrate concentration, the solutions obeyed Beer's law over a wide range of cerium(1V) concentration and only monomeric cerium(1V) species were present. However, a lower concentration of nitrate, although still in considerable excess over that of cerium(IV), had only a small effect on the monomertrimer equilibrium. 
Experimental Section
Materials.-Ceric perchlorate was obtained from the G. F. Smith Chemical Co. as an approximately 0.5 M solution in 3 M perchloric acid. The cerium(1V) content was determined iodometrically. The acid content was determined by diluting with acetic acid, adding an excess of acetic anhydride to remove water, and titrating potentiometrically with standard sodium acetate in glacial acetic acid. Perchloric acid was obtained from Mallinckrodt as a 70Yfl solution and nitric acid was obtained from Fisher as a 70$& solution.
The water content was determined spectrophotometrically using acetic anhydride.?O Water was purified by distillation from chromic acid.
Spectrophotometric Measurements.-The spectra were determined using a Beckman DU quartz spectrometer with 10-mm and shorter cells, or with a Perkin-Elmer Model 350 recording spectrometer using long cells. The Beckman spectrometer was equipped with a thermostated water bath in the light path and made it possible to maintain the temperature a t 25.00 i 0.01". The temperature in the cell compartment of the Perkin-Elmer spectrometer varied from 23 to 26'. No significant difference was noted in the data obtained using the two spectrometers.
The ionic strength was maintained a t either 0.6 or 1.0 M by the addition of sodium perchlorate. No significant change in absorbance was noted for a change in ionic strength within this range. Cerous ion, in the concentration which might be present as an immritv in the ceric ion solutions, was found to have no sinAcetic acid was purified as described previously.lg -- Received August 7, 1967 
